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Small-x/CGC and SCET

§ Utilizing and combing two frameworks to make efficient 
computations for small-x observables, while with EIC in mind

2

Color Glass 
Condensate

Soft Collinear 
Effective Theory

Electron Ion 
Collider

Small-x gluon saturation Spin/TMD, jet physics



Soft Collinear Effective Theory (SCET)

§ SCET: an effective theory for highly energetic partons interacting 
with collinear and/or soft gluons

§ Highly energetic quark/gluon jets are described “collinear” fields

§ Back-to-back dijet production
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Bauer et al. 01, Pirol et al. 04

k ⇠ Q [1, 1, 1]Hard: 

Soft: 

k ⇠ Q
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⇤
Collinear: 

<latexit sha1_base64="ZWwGgnOMHDYbdnR19wyuM1ptdkA="></latexit>

k ⇠ Q [�,�,�]

<latexit sha1_base64="Z7XHlwVFJiLzV3CI6/e9kajwiaY="></latexit>

k ⇠
⇥
k+, k�, k?

⇤

PA

<latexit sha1_base64="xOlYzvbG2Zrdx28HyAFOT7FuJpc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6qXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLGS3+hlN9NeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gKsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AK82jqA=</latexit>

PB

<latexit sha1_base64="6kFMM6Bhsalm+a/lUSPiKiIiKLg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN5KvXisYNpCG8pmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1PY2Nza3inulvb2Dw6PyscnLR2niqHPYhGrTkg1Ci7RN9wI7CQKaRQKbIeTu7nffkKleSwfzTTBIKIjyYecUWMlv9nPGrN+ueJW3QXIOvFyUoEczX75qzeIWRqhNExQrbuem5ggo8pwJnBW6qUaE8omdIRdSyWNUAfZ4tgZubDKgAxjZUsaslB/T2Q00noahbYzomasV725+J/XTc3wJsi4TFKDki0XDVNBTEzmn5MBV8iMmFpCmeL2VsLGVFFmbD4lG4K3+vI6aV1VvVr19qFWqTfyOIpwBudwCR5cQx3uoQk+MODwDK/w5kjnxXl3PpatBSefOYU/cD5/ALC7jqE=</latexit>

~S?

<latexit sha1_base64="JcKjghClA7K/eEHjoDLSb6x/sBE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoignorevFY0X5AE8JmO2mXbjZhd1Ooob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tr6xuVXeruzs7u1X7YPDtkoySaFFE57IbkgUcCagpZnm0E0lkDjk0AlHtzO/MwapWCIe9SQFPyYDwSJGiTZSYFe9MdD8YRrkXgoynQZ2zak7c+BV4hakhgo0A/vL6yc0i0FoyolSPddJtZ8TqRnlMK14mYKU0BEZQM9QQWJQfj4/fIpPjdLHUSJNCY3n6u+JnMRKTeLQdMZED9WyNxP/83qZjq78nIk00yDoYlGUcawTPEsB95kEqvnEEEIlM7diOiSSUG2yqpgQ3OWXV0n7vO5e1K/vL2qNmyKOMjpGJ+gMuegSNdAdaqIWoihDz+gVvVlP1ov1bn0sWktWMXOE/sD6/AFsupOc</latexit>

J1

<latexit sha1_base64="cXSAr0Y2GktC0Oll2Ndcum2SLzk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL+Kpov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56Xq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdU7r17dn1dq13kcRTiCYzgFDy6gBrdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwByW2Nfg==</latexit>

J2

<latexit sha1_base64="uRU1AtKc7XpMxTHNMyCsg1OrP74=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHoLehFPEc0DkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5uZ33ri2ohYPeI44X5EB0qEglG00sNdr9IrltyyOwdZJV5GSpCh3it+dfsxSyOukElqTMdzE/QnVKNgkk8L3dTwhLIRHfCOpYpG3PiT+alTcmaVPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBhe+hOhkhS5YotFYSoJxmT2N+kLzRnKsSWUaWFvJWxINWVo0ynYELzll1dJs1L2quWr+2qpdp3FkYcTOIVz8OACanALdWgAgwE8wyu8OdJ5cd6dj0VrzslmjuEPnM8fyvGNfw==</latexit>

<latexit sha1_base64="6JtJEQeVINyqQYAwN6m/2d/XV9o=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJSlq213RjcsKfUk7lEyatqFJZkwyhTL0K9y4UMStn+POvzHTVlDRAxcO59zLvfcEkeDGIvThrayurW9sZray2zu7e/u5g8OmCWNNWYOGItTtgBgmuGINy61g7UgzIgPBWsH4OvVbE6YND1XdTiPmSzJUfMApsU66604YTe5nvXovl0cFhBDGGKYEly6RI5VKuYjLEKeWQx4sUevl3rv9kMaSKUsFMaaDUWT9hGjLqWCzbDc2LCJ0TIas46gikhk/mR88g6dO6cNBqF0pC+fq94mESGOmMnCdktiR+e2l4l9eJ7aDsp9wFcWWKbpYNIgFtCFMv4d9rhm1YuoIoZq7WyEdEU2odRllXQhfn8L/SbNYwBcFdHuer14t48iAY3ACzgAGJVAFN6AGGoACCR7AE3j2tPfovXivi9YVbzlzBH7Ae/sEVTmQxA==</latexit>

~qT

<latexit sha1_base64="qVJ8V/kGtOf+qn/BrUfA/jf9qLo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWOFfkETymY7aZduNmF3Uyghf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEs6Udpxvq7SxubW9U96t7O0fHB5Vj086Kk4lxTaNeSx7AVHImcC2ZppjL5FIooBjN5g8zP3uFKVisWjpWYJ+REaChYwSbSTPmyLNmvkgc1v5oFpz6s4C9jpxC1KDAs1B9csbxjSNUGjKiVJ910m0nxGpGeWYV7xUYULohIywb6ggESo/W9yc2xdGGdphLE0JbS/U3xMZiZSaRYHpjIgeq1VvLv7n9VMd3vkZE0mqUdDlojDlto7teQD2kEmkms8MIVQyc6tNx0QSqk1MFROCu/ryOulc1d2buvN0XWvcF3GU4QzO4RJcuIUGPEIT2kAhgWd4hTcrtV6sd+tj2VqyiplT+APr8wcS6pG0</latexit>

~P1T

<latexit sha1_base64="95tmUyod7L1YY9boOddswoPqyOw=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoxWOEvCC7hNlJbzJk9sHMbCAs+xtePCji1Z/x5t84SfagiQUNRVU33V1+IrjStv1tbWxube/slvbK+weHR8eVk9OOilPJsM1iEcueTxUKHmFbcy2wl0ikoS+w608e5n53ilLxOGrpWYJeSEcRDzij2kiuO0WWNfNBVm/lg0rVrtkLkHXiFKQKBZqDypc7jFkaYqSZoEr1HTvRXkal5kxgXnZThQllEzrCvqERDVF52eLmnFwaZUiCWJqKNFmovycyGio1C33TGVI9VqveXPzP66c6uPMyHiWpxogtFwWpIDom8wDIkEtkWswMoUxycythYyop0yamsgnBWX15nXTqNeemZj9dVxv3RRwlOIcLuAIHbqEBj9CENjBI4Ble4c1KrRfr3fpYtm5YxcwZ/IH1+QMUcJG1</latexit>

~P2T

<latexit sha1_base64="slvlSHk/fVMfYDeDQ8elrEUseq4=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTNSqTupTUuN/AB9yLxxnk7O+2BmXiDiL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6XQBuMPJ7Oyura+kd3MbW3v7O7l9w9aOkoU400WyUh1PKq5FCFvGmEk78SK08CTvO2Nr1K/fc+VFlF4ayYxdwM6DIUvGDVWatz08wVcxBgTQlBKSPkCW1KtVkqkgkhqWRRgiXo//94bRCwJeGiYpFp3CY6NO6XKCCb5LNdLNI8pG9Mh71oa0oBrdzo/dIZOrDJAfqRshQbN1e8TUxpoPQk82xlQM9K/vVT8y+smxq+4UxHGieEhWyzyE4lMhNKv0UAozoycWEKZEvZWxEZUUWZsNjkbwten6H/SKhXJeRE3zgq1y2UcWTiCYzgFAmWowTXUoQkMODzAEzw7d86j8+K8LlozznLmEH7AefsE+umNEA==</latexit>

R

<latexit sha1_base64="fTm0/10/neim4pgCgDyAYuqbQRE="></latexit>

� =
qT
PT

<latexit sha1_base64="ZFB94wjYARLrdVQwS5SOPEqlVmo="></latexit>

~qT = ~P1T + ~P2T
<latexit sha1_base64="sPNUHtuL3WSAAggDwi4YZ0SKD4Y="></latexit>

~PT =
~P1T � ~P2T
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<latexit sha1_base64="9PJZHyyfELWuHCx6K74m5/0BHD0="></latexit>

qT ⌧ PT



SCET: factorization

§ Factorization is simple: back-to-back dijet production at EIC
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<latexit sha1_base64="Q3WJS3xOPmKjfkk9BcG5mFHcglQ="></latexit>

d�

dqT dPT
/ H�⇤g!qq̄(PT )fg/A(xa, kaT )

⌦ S
global(qT )⌦ Scs

c (qTR)Scs
d (qTR)Jc(PTR)Jd(PTR)

<latexit sha1_base64="OAjjTeJ88JjKX82PrXO0xXVPRbI=">AAACBnicbVDLSgMxFM34rPVVdekmWIS6KTNF1GXRjcsK9gHtUDLpnTY0kwxJRihD927d6j+4E7f+hr/gV5hpZ2FbDwQO59xXThBzpo3rfjtr6xubW9uFneLu3v7BYenouKVloig0qeRSdQKigTMBTcMMh06sgEQBh3Ywvsv89hMozaR4NJMY/IgMBQsZJcZKbaj0gPOLfqnsVt0Z8CrxclJGORr90k9vIGkSgTCUE627nhsbPyXKMMphWuwlGmJCx2QIXUsFiUD76ezcKT63ygCHUtknDJ6pfztSEmk9iQJbGREz0steJv7ndRMT3vgpE3FiQND5ojDh2Eic/R0PmAJq+MQSQhWzt2I6IopQYxNa2JLNNlJyPS0WbTjechSrpFWrelfV2sNluX6bx1RAp+gMVZCHrlEd3aMGaiKKxugFvaI359l5dz6cz3npmpP3nKAFOF+/q8iZAg==</latexit>

e(`)

<latexit sha1_base64="6724iWfW2m7BW/yVaZehrrQoAcY=">AAACB3icbVDLSsNAFJ3UV42vqks3g0Wsm5IUUZdFNy4r2Ae0oUymN+3QSSbMTIQS+gFu3eo/uBO3foa/4Fc4abOwrQcGDufc1xw/5kxpx/m2CmvrG5tbxW17Z3dv/6B0eNRSIpEUmlRwITs+UcBZBE3NNIdOLIGEPoe2P77L/PYTSMVE9KgnMXghGUYsYJRoI3Wg0gPOzy/6pbJTdWbAq8TNSRnlaPRLP72BoEkIkaacKNV1nVh7KZGaUQ5Tu5coiAkdkyF0DY1ICMpLZ/dO8ZlRBjgQ0rxI45n6tyMloVKT0DeVIdEjtexl4n9eN9HBjZeyKE40RHS+KEg41gJnn8cDJoFqPjGEUMnMrZiOiCRUm4gWtmSztRBcTW3bhOMuR7FKWrWqe1WtPVyW67d5TEV0gk5RBbnoGtXRPWqgJqKIoxf0it6sZ+vd+rA+56UFK+85Rguwvn4BEfCZMw==</latexit>

e(`0)

<latexit sha1_base64="Caj7MiNm3qqfKvPCXKVR6vyzQhw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSJUFyUpoi6LblxWsA9IY5lMJ+3QecSZiVBC/8CtW/0Hd+LWn/AX/AonbRa29cDA4Zz7mhPGlCjtut9WYWV1bX2juGlvbe/s7pX2D1pKJBLhJhJUyE4IFaaE46YmmuJOLDFkIcXtcHST+e0nLBUR/F6PYxwwOOAkIghqI/ndAWQMPpxVHk97pbJbdadwlomXkzLI0eiVfrp9gRKGuUYUKuV7bqyDFEpNEMUTu5soHEM0ggPsG8ohwypIpydPnBOj9J1ISPO4dqbq344UMqXGLDSVDOqhWvQy8T/PT3R0FaSEx4nGHM0WRQl1tHCy/zt9IjHSdGwIRJKYWx00hBIibVKa25LN1kJQNbFtE463GMUyadWq3kW1dnderl/nMRXBETgGFeCBS1AHt6ABmgABAV7AK3iznq1368P6nJUWrLznEMzB+voFelSahA==</latexit>

�⇤(q)

<latexit sha1_base64="ljUVLgpUCvk7eTFH44qG/R82kAA=">AAACAnicbVDLSgMxFM34rOOr6tJNsAiuykwRdVl0I64q2ge0Q8mkmTY0kwzJHaGU7ty61X9wJ279EX/BrzDTzsK2HggczrmvnDAR3IDnfTsrq2vrG5uFLXd7Z3dvv3hw2DAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4U3mN5+YNlzJRxglLIhJX/KIUwJWerjr+t1iySt7U+Bl4uekhHLUusWfTk/RNGYSqCDGtH0vgWBMNHAq2MTtpIYlhA5Jn7UtlSRmJhhPT53gU6v0cKS0fRLwVP3bMSaxMaM4tJUxgYFZ9DLxP6+dQnQVjLlMUmCSzhZFqcCgcPZv3OOaURAjSwjV3N6K6YBoQsGmM7clmw1KCTNxXRuOvxjFMmlUyv5FuXJ/Xqpe5zEV0DE6QWfIR5eoim5RDdURRX30gl7Rm/PsvDsfzuesdMXJe47QHJyvX7ktl2U=</latexit>

J1

<latexit sha1_base64="MGlAmt2E4kVTLfk/koCKjS76AwE=">AAACAnicbVDLSgMxFM34rPVVdekmWARXZaaIuiy6EVcV7QPaoWTSTBuaSYbkjlCG7ty61X9wJ279EX/BrzDTzsK2HggczrmvnCAW3IDrfjsrq2vrG5uFreL2zu7efungsGlUoilrUCWUbgfEMMElawAHwdqxZiQKBGsFo5vMbz0xbbiSjzCOmR+RgeQhpwSs9HDXq/ZKZbfiToGXiZeTMspR75V+un1Fk4hJoIIY0/HcGPyUaOBUsEmxmxgWEzoiA9axVJKIGT+dnjrBp1bp41Bp+yTgqfq3IyWRMeMosJURgaFZ9DLxP6+TQHjlp1zGCTBJZ4vCRGBQOPs37nPNKIixJYRqbm/FdEg0oWDTmduSzQalhJkUizYcbzGKZdKsVryLSvX+vFy7zmMqoGN0gs6Qhy5RDd2iOmogigboBb2iN+fZeXc+nM9Z6YqT9xyhOThfv7rJl2Y=</latexit>

J2

<latexit sha1_base64="8GqY5/zXjRUJ8CRFH9KCkVg85QM=">AAACBXicbVC7TsMwFHXKq4RXgZElokJiqpIKAWMFC2OR+kBqo8pxndbUsSP7BqmKMrOywj+wIVa+g1/gK3DaDLTlSJaOzrkvnyDmTIPrflultfWNza3ytr2zu7d/UDk86miZKELbRHKpHgKsKWeCtoEBpw+xojgKOO0Gk9vc7z5RpZkULZjG1I/wSLCQEQxG6jQHqdfKBpWqW3NncFaJV5AqKtAcVH76Q0mSiAogHGvd89wY/BQrYITTzO4nmsaYTPCI9gwVOKLaT2fXZs6ZUYZOKJV5ApyZ+rcjxZHW0ygwlRGGsV72cvE/r5dAeO2nTMQJUEHmi8KEOyCd/OvOkClKgE8NwUQxc6tDxlhhAiaghS35bJCS68y2TTjechSrpFOveZe1+v1FtXFTxFRGJ+gUnSMPXaEGukNN1EYEPaIX9IrerGfr3fqwPuelJavoOUYLsL5+AUyYmNU=</latexit>

P1T

<latexit sha1_base64="6unhmSJiPGSM1sQqCZgwkZtgz0M=">AAACBXicbVC7TsMwFHXKq4RXgZElokJiqpIKAWMFC2OR+kBqo8pxndbUsSP7BqmKMrOywj+wIVa+g1/gK3DaDLTlSJaOzrkvnyDmTIPrflultfWNza3ytr2zu7d/UDk86miZKELbRHKpHgKsKWeCtoEBpw+xojgKOO0Gk9vc7z5RpZkULZjG1I/wSLCQEQxG6jQHab2VDSpVt+bO4KwSryBVVKA5qPz0h5IkERVAONa657kx+ClWwAinmd1PNI0xmeAR7RkqcES1n86uzZwzowydUCrzBDgz9W9HiiOtp1FgKiMMY73s5eJ/Xi+B8NpPmYgToILMF4UJd0A6+dedIVOUAJ8agoli5laHjLHCBExAC1vy2SAl15ltm3C85ShWSade8y5r9fuLauOmiKmMTtApOkceukINdIeaqI0IekQv6BW9Wc/Wu/Vhfc5LS1bRc4wWYH39Ak42mNY=</latexit>

P2T

<latexit sha1_base64="nHjVsdqIHQ2g8QZhWN0eUjfRDmM=">AAACBnicbVC7TsMwFL3hWcKrwMgSUSExVUmFgLGChbGIvqQ2qhzXaa06dmQ7SFWUnZUV/oENsfIb/AJfgdNmoC1HsnR0zn35BDGjSrvut7W2vrG5tV3asXf39g8Oy0fHbSUSiUkLCyZkN0CKMMpJS1PNSDeWBEUBI51gcpf7nSciFRW8qacx8SM04jSkGGkjddLHbJA2s0G54lbdGZxV4hWkAgUag/JPfyhwEhGuMUNK9Tw31n6KpKaYkczuJ4rECE/QiPQM5Sgiyk9n52bOuVGGTiikeVw7M/VvR4oipaZRYCojpMdq2cvF/7xeosMbP6U8TjTheL4oTJijhZP/3RlSSbBmU0MQltTc6uAxkghrk9DClny2FoKpzLZNON5yFKukXat6V9Xaw2WlflvEVIJTOIML8OAa6nAPDWgBhgm8wCu8Wc/Wu/Vhfc5L16yi5wQWYH39Arpumak=</latexit>

ST

<latexit sha1_base64="U/iKd8HX3n6mmmQr/aM/1qMTCEc=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb3Laq15Uanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOr44zb</latexit>

P
<latexit sha1_base64="d3UFXKpUu41/ddzef7tNRtjN5jk="></latexit>g

hard

collinear-soft

<latexit sha1_base64="PZpFZO9TGbagAi1v7fgtyuFMe1k="></latexit>

collinear (jet)

<latexit sha1_base64="sCfcvUnC1vU5HXpT4VOI3fe6q1g="></latexit>

soft
<latexit sha1_base64="2wx9AJX4QhzDuCVIKFU+yU/7rLk="></latexit>µS ⇠ qT

<latexit sha1_base64="jXzLISrtehEp7oqdyLs2LKn7Tr0="></latexit>

µCS ⇠ qTR

<latexit sha1_base64="exg+VneZQJXOz+Ni6uASpQqQyrw="></latexit>

µH ⇠ PT

<latexit sha1_base64="ebt3DWBDrCImXZOMzrqi8m+mIRs="></latexit>

µJ ⇠ PTR

ü You can quickly convince yourself that such formalism: (1) can 
reproduce the result of Sudakov resummation, (2) it is much 
more accessible than the Sudakov resummation



CGC: formalism

§ CGC: shockwave

§ Dijet production in e+A collisions 

5



Lots of progress on CGC
§ Most of the time, we concentrate on deriving the small-x evolution 

equation: a lot of progress (not a complete list)
§ BFKL (NNLO?): linear in ln(1/x)
§ BK (NLO): nonlinear + running coupling
§ JIMWLK (NLO)
§ The implementation/solution of these equations at NLO or beyond is always quite 

tricky: instability issue

§ However, the computation on the physical observables beyond LO is 
still limited (not a complete list)
§ Forward hadron in p+A at NLO

§ Chirilli, Xiao, Feng, 2012, many other follow-up, most recent: Xiao, et.al. 2112.06975
§ Kang, Liu, 1910.10166, 2004.11990

§ Photon in p+A at NLO
§ Benic, Fukushima, Garcia-Montero, Venugopalan, 17

§ DIS at NLO
§ Beuf, Hanninen, Lappi, Mantysaari, 2007.01645
§ Balitsky, Chirilli 12, Beuf 11

§ Photon, photon+dijet at DIS
§ Roy, Venugopalan 18, 19

§ dijet at DIS
§ Caucal, Salazar, Venugopalan, 21
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Status

§ In general, these results are extremely complicated

7

112 pages

98 pages

ü Maybe the results would be simpler in some kinematic limit, where SCET or 
other EFTs can be used to derive the formalism

ü Also other lessons can be learned from each other in different communities



Outstanding questions in CGC
§ At NLO: how to naturally set the rapidity scale? [is this even a thing?] 

§ For both NLO hard functions + the scale for UGD BK-JMWLK evolution, need to be the 
same

§ How to efficiently perform resummation in small-x formalism, e.g., threshold resummation?

§ At NLO: how does the CGC formalism reduce to TMD factorization in the
correlation limit?
§ E.g., for back-to-back dijet production at e+A collisions at LO, consistency was shown 

between CGC and TMD (Xiao, Yuan, Mueller et.al.), what about NLO?
§ Can one re-express the CGC results in a factorized form, e.g., UGD * soft function * 

collinear-soft function * jet function type? 
§ If this is possible, we can easily generalize to other process, e.g., dijet, photon+jet, heavy

flavor dijet in p+A collisions (or at UPC), instead of doing complicated computation each 
time?

§ How could one perform joint TMD and BK evolution equation?
§ There are work along this direction. However, is it possible to find connection between 

those well-fitted gluon TMD and the MV model/GBW model: maybe as an input at 
relatively large x?

§ If this is possible, one might be able to perform global analysis for small-x observables 
cross all different processes, to extract universal set of UGD?

§ Question: use Glauber modes from EFT to derive small-x RG equation or 
computations
§ It is also important questions, but might not be immediately relevant for small-x 

phenomenology yet
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Don’t know if NLO would work fine

§ Single hadron production in p+A collisions: LO works fine

9

Albaceta, Dumitru, Fujii, Nara, 1209.2001



But naïve NLO does not

§ NLO computations
§ quickly becomes negative 

10

Stasto, Xiao, Zaslavsky, 1307.4057



Adding so-called kinematic constraints helps

§ So-called kinematic constraints give some positive contributions, 
but not enough

11

Watanabe, Xiao, Yuan, Zaslavsky, 1505.05183



Issues?

§ There seems to be some issues for NLO computations
§ To solve the negative cross sections, as well as some theory issues

§ It is better to review a NLO calculations in the dilute collinear 
factorization
§ Using SIDIS as an example: 
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LO + NLO

§ SIDIS at LO and NLO:

§ Key: 
§ You will encounter divergences, you’d better regularize them properly

§ Standard dimensional regularization is enough: maintain Lorentz invariance etc
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Key continues

§ Key
§ These divergences will be absorbed into the redefinition of the collinear PDFs 

and collinear FFs, and thus lead to DGLAP evolution of these distributions

§ You will know what hard scale you are going to use
§ ln(Q2/𝜇2) suggests that one can set Q=𝜇 as the natural hard scale

§ Thus one removes the potential large logarithms in the hard function, while evolve your 
PDFs/FFs to the hard scale Q
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Single hadron production in dense regime

§ Single hadron in pA at LO in the forward region
§ A hybrid formalism: collinear PDFs for proton, CGC formalism for the nucleus

15

Coherent multiple scattering
as in small-x/CGC formalism



NLO formalism: initial 

§ NLO: gluon radiation

§ Possible divergences: collinear divergences for collinear PDFs+FFs, just like 
SIDIS we have discussed (DGLAP evolution)
§ Standard dimensional regularization

§ You know the natural hard scale pT of the hadron

§ Additional divergence: rapidity divergence for unintegrated gluon distribution 
(BK evolution)

16

BK kernel



Check closely

§ The rapidity divergence should be absorbed into the unintegrated 
gluon distribution of the nucleus 
§ Thus leads to the rapidity Y-evolution of BK equation: Y=ln(1/xg)

§ The question is: where does the Y arise at all?

§ The divergence is not regularized, so how exactly do you do the absorption?
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How to find that Y then?

§ Kinematic constraint

§ This seems to be nice, but
§ One mix the power counting: kinematic constraints seem to be power-

suppressed, while the previous calculation is leading power (eikonal approx.)

§ It is quite difficult to implement universally or at even higher order
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Power counting for the observable

§ Apparently both collinear and soft modes contribute to the pT
spectrum, in the semi-hard region
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How are we going to do it?

§ Just compute collinear and soft interaction separately
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SCET Feynman rule embedded in CGC

§ Use CGC interaction in momentum space (Jamal, Farid, Raju, …)
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Courtesy of Liu



Results of collinear and soft contributions

§ Use so-called rapidity regulator to regularize the rapidity 
divergence
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Another amazing fact

§ The finite contribution from the soft modes exactly reproduce the 
contributions as found via “kinematic constraint”
§ Now it becomes systematic, not just put by hand, and can be easily generalized 

to higher orders

§ Thus this new factorization formalism in the small-x regime, with 
both collinear and soft modes, would be really nice
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Threshold logarithm: negative contribution

§ Log structure at NLO in the factorized formalism
§ First term – DGLAP (can be threshold PDF/FF), third term – BK evolution

§ Second term is interesting: large Nc, a single logarithm, so-called threshold log
§ When z is large (forward is the case), then it will be important
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Threshold log is the key

§ Threshold log is the main issue for negative cross section
§ Remove it, the cross section will be positive in the entire pT region, up to the 

kinematic limit
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Threshold resummation

§ Standard threshold resummation is well established in the pQCD
community
§ Threshold PDFs/FFs: Mellin transform (Vogelsang, Sterman), Laplace transform 

(SCET)

§ Threshold TMDs: Neill 16, Wouter 16, Kang, Ding, Zhao, 2007.14425

§ Threshold in the small-x regime is not easy
§ It is related to the rapidity logs

§ At the momentum, we only know how to do it at leading logarithmic (LL) level
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QCD resummation

§ Within our factorization, it is due to the rapidity evolution
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Phenomenology: example

§ Now in all pT region, we are positive
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Threshold resummation by Xiao et.al.

§ Some subtle difference from us: Sudakov factor (color structure)
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Summary

§ By combining the advantages of SCET and CGC, we would be able 
to answer a lot of outstanding questions for small-x physics
§ We would be able to convert small-x physics to a high-precision physics

§ We would be able to make (hopefully) easier phenomenological studies for
small-x observables

§ Both are urgently needed in the era of EIC
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